Introduction
The differentiated state of SMCs plays a key role in the pathogenesis of several major human diseases, including atherosclerosis, SMC restenosis after vascular injury, hypertension, asthma, reproductive disorders, and cancer (1) . Unlike terminally differentiated cells, SMCs can switch between differentiated and dedifferentiated phenotypes in response to changes in local environmental cues (a process referred to as SMC phenotypic switching or phenotypic modulation). For example, in response to vascular injury, differentiated SMCs downregulate expression of SMC-specific contractile genes, proliferate, migrate into the vessel intima, and synthesize collagens and matrix metalloproteinases (1) . This process is critical for repair of vascular injury, but if dysregulated can result in restenosis after percutaneous vascular interventions such as stenting or angioplasty. There is evidence that SMCs or smooth muscle-like cells within vascular lesions can be derived from a number of sources (2) , including preexisting SMCs from the vessel media (1), adventitial smooth muscle progenitor cells (3) , and circulating bone marrow-derived stem cells (4, 5) . Whatever their origin, a hallmark of this SMC phenotypic plasticity is transcriptional repression of SMC-specific differentiation genes, such as α-SMA, smooth muscle-myosin heavy chain (SM-MHC), and SM22α (6) . Therefore, a key challenge in the field has been to determine the molecular mechanisms whereby SMC genes are transcriptionally regulated under physiological and pathophysiological conditions.
Evidence from our laboratory and others has firmly established that CArG box [CC(A/T) 6 GG] DNA sequences present within the promoters of SMC genes play a pivotal role in controlling their transcription (7) . CArG boxes serve as binding sites for serum response factor (SRF), a ubiquitously expressed MADS box transcription factor that binds as a homodimer to CArG box DNA to activate transcription of genes involved in both muscle differentiation and proliferation (e.g., c-fos) (7) .The SRF-CArG association is required for transcriptional activation of SMC genes (7) , and this association can also mediate transcriptional repression of these genes in response to pathological environmental cues in culture and in vivo (8) (9) (10) . Thus, the SRF-CArG interaction is a critical convergence point for signals that either activate SMC gene expression to promote SMC differentiation under physiological environments or repress SMC gene expression during pathophysiological conditions. Because of this, control of SRF binding to the CArG boxes of these genes likely represents a major mechanism for regulation of SMC gene expression. However, the molecular mechanisms that control this process are poorly defined.
Recent studies by our laboratory and others have revealed that regulation of SMC gene expression is dependent, at least in part, on the ability of SRF to bind CArG box DNA sequences within the context of intact chromatin (10) (11) (12) (13) (14) (15) . This is important because it is well recognized that chromatin structure is a critical determinant of how permissive DNA sequences are to transcription factor binding (16) . Thus, an understanding of the chromatin structure of SMC gene promoters could provide insight into how SRF regulates SMC gene expression.
At its most fundamental level, chromatin is organized into repeating units of nucleosomes, the basic building blocks of chro-
Figure 1
Cell-specific histone modifications correlate with cell-selective binding of SRF to α-SMA and SM-MHC. (A) Quantitative ChIP analysis for SRF enrichment at the 5′-CArG boxes of α-SMA, SM-MHC, and c-fos from chromatin isolated from rat aortic SMCs and ECs. (B) Chromatin isolated from SMCs and ECs was digested into mononucleosomal fragments by micrococcal (S7) nuclease. DNA was purified and amplified with primers flanking the 5′-CArG boxes of α-SMA, SM-MHC, and c-fos. The 5′-promoter region of the EC-specific gene VEC was also included as a control. The VEC promoter does not contain CArG boxes. See Methods for explanation. (C) Chromatin was isolated from rat aortas and blood and SRF binding measured by ChIP as in A. (D) Histone modifications that have been associated with activation of gene expression (25) were measured at α-SMA, VEC, cardiac-muscle myosin heavy chain (cardiac-specific; CM α-MHC), and c-fos promoters by ChIP in cultured ES cells (ESC), SMCs, and ECs. We observed patterns similar to α-SMA at SM-MHC (data not shown). All ChIP data for Figure 1 and other figures are plotted as fold enrichment over equivalent amounts of input DNA, and Figure 1D is scaled equally on each horizontal panel (i.e., for each modification) so that enrichments between each of the different promoters can be compared. *P < 0.05 measured by Student's t test. Controls with beads only and without antibody consistently failed to immunoprecipitate DNA that amplified by real-time PCR (data not shown; see Supplemental Figure  2 ) for this and all other ChIP experiments. H3K79dMe, H3 Lys79 di-methylation; H3K9Ac, H3 Lys9 acetylation.
matin. The nucleosome is composed of 146 bp of genomic DNA wrapped around an octamer of histone proteins (2 copies each of histones H2A, H2B, H3, and H4). Importantly, chromatin structure and function can be profoundly influenced by posttranslational modifications to the histone proteins within the nucleosomes, such as acetylation and methylation of histone lysine residues by the action of nuclear proteins with histone acetyltransferase (HAT) or histone methyltransferase (HMT) activity (17) . It is well recognized that histone modifications to nucleosomes play fundamental roles in determining how permissive promoter chromatin is for binding of transcription factors to DNA, thereby playing a critical regulatory role in transcriptional regulation.
Modifications to histones within chromatin have been shown to regulate how permissive chromatin is to transcription factor DNA binding by 2 general mechanisms (16, 17) . First, histone acetylation has been shown to relieve structural chromatin compaction, possibly through disruption of interactions between adjacent nucleosomes or by loosening contacts between histones and DNA (18) (19) (20) (21) . This has the effect of making the DNA template itself more accessible to proteins that require contact with the DNA template, such as DNA-binding transcription factors. Second, methylated histones within chromatin can serve as docking sites for transcription factors, thereby directly tethering them to the DNA template (22) . Although it is unclear whether these mechanisms operate in SMCs, we and others have recently documented that histone acetylation accompanies SRF binding to SMC promoters in SMCs (11, 12, 23) , suggesting that epigenetic modification of chromatin structure may indeed play a role in controlling SRF binding. We therefore further investigated the histone modification status of SMC gene promoters in this study; whether these modifications might be utilized to control SRF binding to chromatin by proteins that profoundly activate (myocardin) or repress (Kruppel-like factor 4 [KLF4]) SMC gene expression; and whether these processes contribute to the repair of vascular injury in vivo.
Results

SRF selectively associated with SMC gene CArG box chromatin in SMCs versus non-SMCs.
We first tested whether SRF binding to CArG boxes of SM genes was selective for SMCs, utilizing quantitative chromatin immunoprecipitation (ChIP) assays. This assay analyzes SRF binding to endogenous DNA sequences within native chromatin by formaldehyde fixation of cells followed by immunoprecipitation of SRF and PCR analysis of DNA from SRFbound chromatin. In contrast to previous studies utilizing electrophoretic mobility shift assays (EMSAs), a method that analyzes binding of SRF to naked DNA probes that are not wrapped into chromatin (24), we found much higher levels of SRF binding to SMC CArG boxes in cultured SMCs as compared with non-SMCs, including ECs ( Figure 1A and ref. 11 ). In addition, we found that these CArG box DNA sequences were more accessible within chromatin isolated from rat aortic SMCs than from ECs, as assayed by micrococcal (S7) nuclease digestion experiments ( Figure 1B ; see figure legend for interpretation of data). In contrast, SRF binding and chromatin accessibility were equivalent in SMCs and ECs at the 5′-CArG box of c-fos, a gene expressed in both cell types. The selectivity of SRF for SMC gene chromatin in SMCs was confirmed in vivo, as SRF was also enriched at SMC gene promoters based on comparison of ChIP analysis of chromatin isolated from rat aorta and rat blood cells ( Figure 1C ). Because SRF selectively bound to chromatin isolated from SMCs and not non-SMCs, these findings suggested that epigenetic modifications of chromatin structure might regulate SMC-specific SRF binding to CArG boxes, possibly through regulation of CArG box accessibility to SRF.
SMC gene CArG boxes exhibited cell-specific histone modification patterns. Acetylation and methylation to histone H3 and H4 lysine residues within chromatin play an essential epigenetic role in eukaryotic transcriptional regulation (16, 17) . To begin to determine the potential role of these modifications in control of SMC gene expression, we examined α-SMA and SM-MHC promoter CArG box regions for the presence/absence of well-studied histone H3/H4 lysine modifications (see Table 1 ) in multiple in vitro cell differentiation/lineage models including mouse ES cells, rat aortic SMCs, rat aortic ECs, rat L6 skeletal muscle myotubes, SMCs purified from mouse embryoid bodies, and mouse A404 SMCs, as well as in rat aorta and blood cells in vivo. We measured levels of H3 Lys4 di-methylation (H3K4dMe), H3 Lys9 acetylation, H3 Lys79 di-methylation, and H4 acetylation (H4Ac) by ChIP with antibodies specific to these modifications. The presence of each of these modifications has been correlated with transcriptional competence in other multicellular eukaryotic cell systems (25) , although the mechanisms whereby they contribute to transcriptional activation are poorly understood. Of major interest, these modifications were highly enriched at the promoter CArG boxes of α-SMA and SM-MHC in SMCs, but not in the non-SMCs we tested ( Figure 1D and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI26505DS1). Therefore, the histone modification patterns at these promoters distinguished SMCs from non-SMCs and vice-versa and correlated closely with the ability of SRF to selectively bind CArG box chromatin in SMCs ( Table 1) .
The α-SMA promoter-enhancer exhibited locus-specific histone modification patterns. Results outlined in Table 1 demonstrate that the SMC genes examined in this study display SMC-specific histone modifications at the 5′-CArG boxes. To determine whether these modifications were specific to the chromosomal locus surrounding the CArG regions as opposed to reflecting a nonspecific general pattern over a chromosomal region that extended beyond the 5′-CArG boxes, we mapped the histone modifications represented in Table 1 across approximately 6 kb of the α-SMA promoterenhancer locus with PCR primers placed at 400-bp intervals by ChIP assays. Figure 2 demonstrates that enrichment of H4 and H3 acetylation (Table 1) were relatively low from positions -2,800 to -1,600 in the 5′ region. However, at position -1,600 to -1,200, there was a sharp rise in these modifications, which was increased even further at +400 in the coding region. We observed similar patterns for H3K4dMe and H3 Lys79 di-methylation (data not shown). SRF, TFIID, and RNA polymerase II displayed enrichments that were consistent with the positions of the CArG boxes, TATA box, and coding region, respectively ( Figure 2 and data not shown). Finally, we observed micrococcal nuclease hypersensitivity at the 5′-CArG box region, consistent with the data from Figure 1 indicating that accessible chromatin is an important determinant for SRF binding to CArG box DNA. Thus, in addition to cell and gene specificity (see Table 1 ), these histone modifications also displayed locus specificity within the α-SMA chromosomal region, further suggesting that these modifications may play an important role in SMC-selective transcription. SMC-specific H3K4dMe and H4Ac were not dependent on SRF binding to CArG chromatin. The results described above provided us with correlative data linking histone modifications present within chromatin of SMC genes to SRF binding within this chromatin. We next sought to determine whether any of these modifications might be utilized by SRF to bind CArG box chromatin in SMCs. We began by examining which, if any, of the SMC-specific histone modifications (Table 1) were not dependent on SRF binding to CArG chromatin, as these could be important upstream regulators of SMC-selective SRF binding. To this end, we generated stable lines of cultured SMCs containing wild-type or CArG box mutant α-SMA promoter-enhancer transgenes (see Methods and Figure 3A ). We then assayed for SRF binding and histone modifications with ChIP PCR primers specific for either the transgene or the endogenous gene.
Although wild-type transgenes displayed enrichments of SRF and histone modification that were virtually identical to those of the endogenous locus, CArG mutants displayed complete loss of SRF binding with severely impaired H3 Lys9 acetylation and H3 Lys79 di-methylation ( Figure 3A ). These results indicated that the presence of these 2 modifications was dependent on intact CArG boxes that are capable of binding SRF and that they were thus likely enzymatically added to chromatin downstream of SRF binding during transcriptional activation. In contrast, levels of H3K4dMe and H4Ac at mutant CArG boxes remained at levels comparable to the endogenous locus, suggesting that the presence of these modifications was not dependent on intact CArG boxes or SRF-CArG occupancy. These result thus identified H3K4dMe and H4Ac as potential upstream regulators of SMCselective SRF binding to SMC genes. Because of this, we chose to focus on the function of these 2 histone modifications in relation to SRF binding to CArG box chromatin. Since we recently identified myocardin and KLF4 as factors that potentially regulate SRF binding to CArG box chromatin (10, 13), we investigated further whether these proteins influence the chromatin-binding properties of SRF and whether H3K4dMe and/or H4Ac might play a role in this process in SMCs.
Myocardin interacted with H3K4dMe and selectively enhanced SRF binding to CArG box chromatin of SMC genes. Myocardin is a musclerestricted SRF coactivator that forms a ternary complex with SRF to activate SMC gene expression (7). Although myocardin does not
Figure 2
Characterization of transcription factor and histone modification distribution across the α-SMA promoter-enhancer locus. Fifteen pairs of PCR primers spaced at 400-bp intervals were used in ChIP assays to map the distribution of factors plotted. Nuclease accessibility was determined as in Figure 1 . E boxes are cis-elements 5′ to CArG boxes. Data are representative of 2 independent experiments.
bind DNA or influence the DNA binding properties of SRF based on EMSA (26), we previously showed that myocardin selectively increased SRF binding to the CArG box region of α-SMA but not c-fos within intact chromatin (10) . We therefore investigated whether myocardin might utilize H3K4dMe and/or H4Ac to enhance SRF binding to CArG box chromatin.
We began by infecting cultured rat aortic SMCs with an adenovirus expressing myocardin and then measured levels of SRF binding, H4Ac, and H3K4dMe at the 5′-CArG boxes of α-SMA, SM-MHC, and c-fos by ChIP ( Figure 3B ). Myocardin greatly increased SRF association with CArG boxes at α-SMA and SM-MHC, but not c-fos. H3 Lys9 acetylation was also increased at
Figure 3
Identification modifications that contribute to myocardin/SRF binding to CArG boxes. (A) α-SMA transgenes were stably transfected into rat aortic SMCs by the integrase system as described in Methods, and ChIP was performed with primers specific for the transgene and the endogenous gene. *P < 0.05 by Student's t test. (B) SMCs were infected with adenovirus harboring CMV-myocardin (Myo) or CMV-empty (CMV) expression vectors, and ChIP was performed for SRF, H4Ac, and H3K4dMe. (C) SMCs were infected with adenovirus as in B. Elk-1, SRF, and FLAG-myocardin immunoprecipitates were subjected to Western blotting for H3K4dMe and SRF. Nonimmune IgG antisera failed to immunoprecipitate SRF and H3K4dMe from SMC extracts in these and all other protein IP experiments (data not shown and Supplemental Figure 2 ). (D) SMCs were infected as in B, and SRF immunoprecipitates were subjected to Western blotting for H3K4dMe and SRF. (E) SMCs were infected with adenoviruses expressing siRNAs to myocardin (siMyo) or GFP (siGFP; control). Chromatin was isolated, and ChIP measured levels of SRF binding to 5′-CArG boxes. (F) SMCs were infected as in E, and nuclear extracts were treated as in D. (G) Peptide binding assay with FLAG-myocardin as described in Methods. FLAG-myocardin immunoprecipitates collected from SMC extracts containing the corresponding biotinylated peptides were subjected to Western blotting using HRP-streptavidin. H3unmod, unmodified H3 peptide. (H) Myocardin peptide binding assay as in G, comparing the ability of myocardin to immunoprecipitate 2 mg of H3 peptides di-methylated at Lys4 (H3K4dMe), di-methylated at Lys9 (H3K9dMe), acetylated at Lys9, or phosphorylated at serine 10 (H3S10P).
α-SMA and SM-MHC (data not shown), consistent with recruitment of the H3 HAT p300 by myocardin (23) . However, myocardin did not increase levels of H4Ac or H3K4dMe at α-SMA and SM-MHC. These results suggested that myocardin-induced enrichment of SRF binding to CArG boxes within intact chromatin involves some mechanism other than recruitment of histone H4 HAT or H3 Lys4 HMT activity to this promoter region.
An alternative is that myocardin/SRF complexes might interact with H3K4dMe, similar to other multiprotein complexes that dock to H3K4dMe present within promoter chromatin during transcriptional activation in other cell systems (22, 27, 28) .To address this possibility, we first tested whether myocardin and/ or SRF could immunoprecipitate H3K4dMe from SMC nuclear extracts. Figure 3C demonstrates that both SRF and virally delivered FLAG-tagged myocardin were able to immunoprecipitate H3K4dMe from SMCs. Elk-1, which also forms a ternary complex with SRF distinct from that of myocardin (9), did not immunoprecipitate significant amounts of H3K4dMe, although it did immunoprecipitate SRF, indicating that the ability of SRF to immunoprecipitate H3K4dMe was specific to myocardin/SRF complexes. In addition, SRF was able to immunoprecipitate more H3K4dMe from SMCs infected with myocardin-expressing adenoviruses than from control cells ( Figure 3D ), and adenovirally delivered siRNAs to myocardin reduced SRF binding to α-SMA and SM-MHC CArG box chromatin ( Figure 3E ) and interfered with the ability of SRF to immunoprecipitate H3K4dMe from SMCs ( Figure 3F ). We conclude that myocardin/SRF complexes physically interact with H3K4dMe and that the interaction of SRF with CArG box chromatin and H3K4dMe is sensitive to expression levels of myocardin.
To directly determine whether the interaction of myocardin with H3K4dMe was specific, we incubated SMC nuclear extracts expressing FLAG-tagged myocardin with increasing concentrations of biotinylated peptides composed of residues 1-21 of histone H3 that were either di-methylated at Lys4 or unmodified. Myocardin was then immunoprecipitated from these extracts, and immunoprecipitates were subjected to Western blotting with HRP-conjugated streptavidin. These are standard assays for examination of whether a transcription factor can physically associate with modified histones (22, 28) . Figure 3G shows that myocardin preferentially bound H3 peptides di-methylated at Lys4 rather than unmethylated H3 peptides at peptide concentrations (2 and 5 mg) below saturation (10 mg). The preference of myocardin for H3K4dMe was specific to this modification, as myocardin bound H3K4dMe peptides much more effectively than biotinylated H3 peptides methylated at Lys9, acetylated at Lys9, or phosphorylated at Ser10, as depicted in Figure 3H .
KLF4 antagonized myocardin through disruption of H4Ac and loss of SRF binding to CArG box chromatin of SMC genes. Kruppel-like transcription factors play important roles in cardiovascular pathology (29) . We recently showed, by transient transfection assays in cultured SMCs, that KLF4 could potently inhibit myocardininduced activation of SMC genes (13) . The mechanisms of this effect are unknown. However, KLF4 specifically reduced SRF binding to α-SMA CArG box chromatin by ChIP, but not EMSA (13) , suggesting that an epigenetic component of chromatin might play a role in the KLF4 response. We therefore investigated whether KLF4 altered H4Ac and/or H3K4dMe levels at CArG box chromatin by ChIP (Figure 4) .
Virally delivered KLF4 induced large reductions in SRF binding at the CArG boxes of α-SMA and SM-MHC in SMCs ( Figure 4A ).
Although KLF4 had no effect on levels of H3K4dMe at these promoters and was unable to immunoprecipitate H3K4dMe (data not shown), SMCs expressing KLF4 displayed marked reductions in H4Ac at α-SMA and MHC. Consistent with the notion that H4Ac is an important determinant of chromatin accessibility, KLF4 decreased micrococcal nuclease sensitivity ( Figure 4A ) at the CArG boxes of α-SMA and SM-MHC but not c-fos. Loss of H4Ac was also accompanied by the appearance of the H4 deacetylase HDAC2, and similar to other studies (30), we were able to detect an interaction between KLF4 and HDAC2 within SMC extracts (Supplemental Figure 3) . Strikingly, even the potent ability of myocardin adenovirus to enhance SRF-CArG association within chromatin was inhibited by coinfection of KLF4 adenoviruses ( Figure 4B ), suggesting that KLF4 might counteract the pro-myogenic effects of myocardin on SMC gene expression by blocking the ability of myocardin to enhance SRF binding to CArG box chromatin, possibly due to deacetylation of histone H4.
KLF4 can bind to evolutionarily conserved TGF-b (TCE) DNA sequences adjacent to CArG boxes of SM gene promoters (31, 32) , suggesting that KLF4 might directly recruit histone H4 deacetylase activity to these promoters to induce chromatin compaction, thereby rendering CArG box chromatin inaccessible to SRF. To determine whether KLF4-induced loss of SRF binding from SMC gene CArG regions was dependent on histone deacetylase (HDAC) activity, we treated SMCs with trichostatin A (TSA), a standard reagent used to inhibit HDAC activity. Treatment of SMCs with TSA completely blocked the ability of KLF4 to induce loss of H4Ac at α-SMA and partially inhibited this effect at SM-MHC, in a dose-dependent manner ( Figure 4C ). TSA also restored nuclease accessibility to these promoters (data not shown). However, mRNA levels and SRF binding were not restored despite the reappearance of H4Ac. Because KLF4 suppresses expression of myocardin (13), we postulated that absence of myocardin might be responsible for the failure of SRF to bind in the presence of KLF4 plus TSA. Figure 4D demonstrates that myocardin expression remained repressed in response to KLF4 in the presence of TSA, indicating that KLF4 inhibits expression of endogenous myocardin by an HDAC-independent mechanism. Consistent with suppression of myocardin, KLF4 also inhibited the ability of SRF to immunoprecipitate H3K4dMe ( Figure 4E ). Since data presented in Figure 3 indicates that myocardin influences the ability of SRF to efficiently associate with H3K4dMe and CArG box chromatin, we tested whether introducing myocardin back into TSA-treated SMCs expressing KLF4 would reestablish SRF binding to CArG box chromatin, due to the restoration of H4Ac combined with reintroduction of myocardin. Indeed, TSA treatment of SMCs coinfected with myocardin and KLF4 adenoviruses restored the ability of myocardin to enhance mRNA expression and SRF binding to CArG chromatin of α-SMA and partially restored binding of SRF at SM-MHC ( Figure 4F ).
Myocardin and KLF4 exerted opposing influences over SRF-CArG binding to SMC genes in vivo.
To test whether myocardin could activate SMC gene expression through increases in SRF binding in vivo, we injected tail veins of transgenic mice carrying SM-MHC promoter-enhancers driving SMC-specific expression of LacZ with myocardin adenoviruses or control viruses ( Figure 5 ). Injection of virus into mouse tail veins resulted in uptake of virus by the liver via entry into the portal circulation, and mRNA levels of myocardin measured from livers of injected mice confirmed that adenoviral delivery was successful ( Figure 5A ). Figure 5B shows that myocardin was able to robustly activate transcription of otherwise silent SM-MHC promoter transgenes in mouse liver, as evidenced by strong staining of LacZ in livers from mice injected with myocardin virus. In addition, we observed dramatic increases in expression of endogenous α-SMA and SM-MHC mRNA, accompanied by increases in SRF binding to the CArG boxes of KLF4 promotes loss of SRF binding and H4Ac at α-SMA and SM-MHC. (A) SMCs were infected with CMV-KLF4 (KLF4) or CMV-empty adenoviruses and SRF, H4Ac, and H3K4dMe measured by ChIP. *P < 0.05 by Student's t test. Accessibility to micrococcal nuclease digestion was measured as in Figure 1B. (B) Cultured SMCs were infected with equivalent amounts of CMV-empty, CMV-myocardin, or CMV-myocardin with CMV-KLF4 (myo+KLF4) adenoviruses and SRF binding to CArG boxes measured by ChIP as above. (C, D, and F) ChIP and real-time RT-PCR were measured from cultured SMCs infected with the corresponding adenoviruses with TSA dissolved in DMSO at 1 ng/ml or 5 ng/ml or in DMSO only. *P < 0.05 for samples when compared with CMV-empty control cells by Student's t test. (E) SRF was immunoprecipitated from SMCs infected with CMV-KLF4 or control (CMV) viruses, and immunoprecipitates were subjected to Western blotting for H3K4dMe and SRF (IP and IP control).
these genes by ChIP in response to myocardin ( Figure 5C ). We also observed enhanced SRF binding in cultured rat aortic ECs expressing myocardin ( Figure 6B ), suggesting that the positive influence of virally delivered myocardin on SRF binding to CArG box chromatin is operational during activation of SMC genes in non-SMCs in culture as well as in vivo.
We next tested whether KLF4 could inhibit the ability of myocardin to induce SRF binding and increase expression of α-SMA and SM-MHC in vivo. Remarkably, coinjection of KLF4 with myocardin adenoviruses abolished myocardin-induced LacZ staining, mRNA expression, and SRF binding to CArG boxes of α-SMA and SM-MHC in mouse liver ( Figure 5 , B and C). KLF4 was also able to inhibit myocardin-induced SRF binding to CArG boxes in cultured ECs ( Figure 6C ), indicating that KLF4 could antagonize myocardin activity in cultured SMCs ( Figure 4B ) and cultured non-SMCs in vitro, similar to its effects in transgenic mouse liver in vivo. Taken together, these results in cultured ECs and transgenic mouse liver are surprising and could be the result of disrupted transcriptional circuitry in response to overexpression of these factors. Regardless of the mechanisms, we conclude that myocardin and KLF4 have the ability to exert opposing influences over SMC gene expression in vivo, at least in part through regulation of SRF association with CArG box chromatin of SMC genes.
SRF binding to CArG box chromatin was disrupted at SMC genes in response to PDGF-BB in culture and after vascular injury in vivo.
PDGF-BB is a well-characterized signaling molecule that induces phenotypic switching of cultured SMCs, including profound transcriptional repression of SMC gene expression (1). We therefore investigated whether PDGF-BB might regulate the chromatin binding properties of SRF. As depicted in Figure 7A , 24 hours of PDGF-BB treatment increased expression of KLF4 and decreased expression of myocardin, relative to vehicle-treated control cells.
Figure 5
Myocardin and KLF4 exert opposing influences over SMC gene expression in transgenic mouse liver in vivo. (A) mRNA was extracted from liver in mice infected with CMV-empty control viruses, CMV-KLF4, CMV-myocardin, or mice coinjected with myocardin and KLF4 viruses. Expression levels of myocardin and KLF4 were measured by real-time PCR to document that delivery of these genes was successful. Data were normalized to levels of 18S expression. This effect persisted to 72 hours of PDGF-BB treatment and was reversible upon replacement of PDGF-BB-containing media with vehicle at 24 hours and allowing cells to incubate for an additional 48 hours in vehicle media. The ability of SRF to immunoprecipitate H3K4dMe from PDGF-BB-treated cells was also diminished compared with vehicle-treated cells (Figure 7B) , perhaps due to reductions in myocardin expression. We next investigated levels of SRF binding, H4Ac, and H3K4dMe by ChIP, as shown in Figure  7C . We observed reversible reductions in mRNA levels of α-SMA and SM-MHC in response to PDGF-BB. Consistent with downregulation of myocardin and upregulation of KLF4 (see data in Figures 3 and 4) , PDGF-BB induced decreases in SRF binding and H4Ac at CArG boxes of α-SMA and SM-MHC. All of these effects were reversible upon replacement of PDGF-BB with vehicle.
To determine whether SRF binding to CArG chromatin plays a role during SMC phenotypic switching in vivo, we subjected rats to balloon catheter injury of carotid arteries (for mRNA) and aortas (for ChIP) and measured α-SMA and SM-MHC mRNA by RT-PCR and SRF binding and H4Ac by ChIP ( Figure 7D ). Vascular injury is characterized by reduced SMC gene expression (1), and we previously showed that KLF4 expression is upregulated (13) , whereas myocardin expression is downregulated (10), under these conditions. mRNA levels of α-SMA and SM-MHC were reduced at 24 hours after injury compared with sham control animals but returned to control levels 72 hours after injury, suggesting that rat vascular injury induces acute repression of SMC gene expression that is reversible at 3 days after injury, similar to the kinetics of medial SMC proliferation in this model (33) . Importantly, levels of SRF binding and H4Ac changed in parallel with the changes in mRNA levels, indicating that control of SRF binding and H4Ac within CArG box chromatin may play a critical role during repression of SMC gene expression in response to vascular injury in vivo.
Discussion
The focus of the present study was to identify mechanisms that selectively regulate SRF binding to CArG box chromatin of SMC genes. Previous studies utilizing EMSA assays, which measured SRF binding to naked DNA templates not assembled into chromatin, demonstrated that SRF has the ability to bind to SMC gene promoter CArG box DNA sequences in virtually any cell type, including nonSMCs (11). However, our results using ChIP assays demonstrated that SRF binding to these sequences was restricted to SMCs within the context of native chromatin (Figure 1 ), suggesting that an epigenetic component of chromatin (e.g., histone modifications) might be responsible for this activity. Table 1 outlines our results documenting the presence of SMC-specific histone modifications at SMC gene promoters that were utilized by myocardin and KLF4 to influence the chromatin-binding properties of SRF and hence regulate SMC gene expression. Collectively, the results of this study suggest a model whereby cell-specific epigenetic control mechanisms may influence cell-selective gene expression patterns important for regulation of cellular differentiation.
Although previous studies conclusively showed that myocardin did not influence the DNA binding properties of SRF to CArG box DNA templates by EMSA (26), results of the present studies clearly demonstrate that myocardin possesses the surprising ability to control SRF binding to CArG box DNA within intact chromatin by ChIP in cultured SMCs and non-SMCs in vitro and in transgenic mice in vivo. It is well established that SRF binds to CArG box DNA to recruit downstream accessory factors to regulate SMC transcription. However, our results add an unexpected layer of complexity to this model, in that an SRF accessory factor (e.g., myocardin) may also utilize a specific epigenetic element (H3K4dMe) to control SRF association with CArG box chromatin. That is, myocardin may utilize H3K4dMe present at SMC promoters to dock to chromatin, thereby tethering and/or stabilizing SRF binding to CArG box DNA sequences. Because H3K4dMe is present at SMC promoters in SMCs but not in non-SMCs, the presence of this modification in combination with muscle-restricted expression of myocardin may represent a mechanism whereby SRF can, in part, selectively bind CArG boxes of SMC genes in SMCs and not in non-SMCs to activate the SMC differentiation program. Direct confirmation of whether myocardin/SRF complexes utilize H3K4dMe within CArG box chromatin will require identification of the HMT complex(es) that methylates SMC gene CArG chromatin and the development of in vitro chromatin reconstitution assays with SMC gene promoter-enhancer DNA wrapped into methylated nucleosomes that can accurately recapitulate in vivo (D) Rats were injured with balloon catheter as described in Methods, and mRNA or chromatin was isolated and analyzed by real-time RT-PCR and ChIP, respectively. The top panel is a histological display of uninjured control aorta (Sham) and an injured aorta (Injured), demonstrating that the balloon catheter injury technique employed successfully injured the vessels, as indicated by the presence of a neointima (NI) 14 days after injury. M refers to the position of the vessel media. For mRNA and ChIP (bottom panels), vessels were harvested 24 hours or 72 hours after injury and compared with control vessels.
SMC transcription. Interestingly, preliminary data from other studies currently underway suggest that myocardin expression in cultured ECs and mouse liver can also establish the presence of H3K4dMe and H4Ac at SMC gene promoters (O.G. McDonald and G.K. Owens, unpublished observations). Thus, we are currently investigating mechanisms whereby myocardin expression in cultured ECs and mouse liver might establish the presence of H3K4dMe and H4Ac at SMC gene chromatin in other studies and whether the acquisition of H3K4dMe and H4Ac in these nonSMCs might assist SRF binding to this chromatin.
We recently identified KLF4 as a potent suppressor of SMC differentiation. Those studies identified 2 mechanisms whereby KLF4 may repress SMC gene expression: (a) KLF4 virtually extinguished expression of endogenous myocardin and (b) KLF4 could directly inhibit activation of SMC genes by myocardin when these 2 proteins were coexpressed in transient transfection assays (13) . The present studies demonstrate that the ability of KLF4 to directly inhibit myocardin-dependent activation of SMC gene expression is due, at least in part, to virtually complete abolishment of myocardin-induced increases in SRF binding to CArG box chromatin in cultured SMCs and non-SMCs in vitro and in transgenic mice in vivo. We also found this activity to be HDAC dependent, at least in cultured SMCs. It should be noted that our studies relied on KLF4 overexpression, and we could not compare protein levels of this factor under our experimental conditions with (patho)physiological protein levels due to lack of a suitable antibody, although mRNA expression levels are comparable (13) . Thus, validation of this model will require the development of in vivo KLF4 loss-of-function experiments in SMCs, such as the use of mice harboring SMC-specific KLF4 conditional knockout or delivery of KLF4 siRNAs to the vasculature.
KLF4 may operate similarly to the recently described homeodomain-only protein HOP, which can directly oppose myocardin by recruiting HDAC2 to the SM22α promoter to promote deacetylation of histone H4 and transcriptional repression (34) . Indeed, KLF4 can bind evolutionarily conserved TCE elements adjacent to CArG boxes in SMC promoters (31, 32) and can also interact with and recruit HDAC2 (ref. 30 and Supplemental Figure 3B ), a class I HDAC that deacetylates histone H4 (35) . Thus, our data support a model whereby KLF4 directly recruits HDAC activity to SMC genes to facilitate deacetylation of histone H4, chromatin compaction, and loss of myocardin/SRF binding in a TSA-sensitive manner. The increased nucleosomal/compacted character of the chromatin in response to KLF4 may interfere with recognition of CArG box DNA by SRF. This is consistent with data in Figures  1 and 2 demonstrating that the presence of nuclease-sensitive, accessible CArG box DNA may be an important requirement for SRF binding. Indeed, the crystal structure of SRF bound to CArG box DNA showed that SRF makes several critical contacts with DNA minor groove phosphates that would be obscured if this DNA were compacted into nucleosomes (18, 36) . H4Ac has been shown to relieve chromatin compaction by disrupting contacts between H4 tails and H2A acidic patch domains of adjacent nucleosomes, disrupting histone-DNA contacts and recruitment of ATP-dependent chromatin remodeling complexes (18) (19) (20) (21) . H4Ac may operate at SMC genes by any of these mechanisms.
Collectively, the data presented in Figures 3 and 4 suggest a model whereby the SMC-specific presence of H4Ac and H3K4dMe at SMC CArG boxes may support a chromatin environment that is permissive for binding of myocardin/SRF complexes. Figure 8 depicts this model, wherein H4Ac facilitates a "relaxed" chromatin structure that provides accessible CArG box DNA for recognition by SRF and H3K4dMe further facilitates binding of myocardin/SRF ternary complexes by providing a docking site for myocardin (or myocardin-associated factors). Signaling pathways that target either KLF4/H4Ac or myocardin expression could thus be utilized by environmental cues to regulate SMC gene expression. Indeed, both PDGF-BB treatment of cultured SMCs and balloon-catheter injury to rat vasculature can increase expression of KLF4 and decrease expression of myocardin (10, 13) , accompanied by reversible loss of H4Ac and SRF binding to SMC gene CArG box chromatin (Figure 7) . Collectively, these results suggest that the balance between myocardin and KLF4 may play an important regulatory role during repression of SMC gene expression under pathophysiological conditions, in part through epigenetic control of SRF binding to CArG box chromatin. This suggests a novel mechanism whereby epigenetic control of chromatin structure may play an important role in regulating SMC gene expression in response to environmental cues that influence SMC differentiation during both normal development and vascular disease states (Figure 8 ).
Figure 8
Model for epigenetic regulation of SRF binding to CArG box chromatin. Gray squares represent histone octamers with red DNA strands wrapped around them. The dark lines with Me (methyl groups) and Ac (acetyl groups) protruding from H3 and H4 represent histone tail domains that are subject to H4 and H3 acetylation and H3 Lys4 methylation. In this model, signals such as vascular injury that repress myocardin and/or recruit KLF4-dependent HDAC activity at SMC gene promoters result in loss of SRF binding and transcriptional repression of these genes, to promote the dedifferentiated phenotype. In contrast, in the absence of KLF4, SRF is able to recognize accessible CArG box sequences within "open" chromatin containing H4Ac, synergizing with docking of myocardin to H3K4dMe, to facilitate SRF binding to chromatin and transcriptional activation, which promotes SMC differentiation. The blue protein labeled "??" represents a putative myocardin-accessory factor that may assist myocardin in docking to methylated histones near CArG DNA sequences, to help tether and/or stabilize SRF binding to SMC gene chromatin, which is enriched with H3K4dMe in SMCs.
Methods
Cell culture, virus infection, and stable transfections. Rat aortic SMCs were cultured in 10% serum. Rat aortic ECs were a generous gift of Joel Linden (University of Virginia), and cultured in 15% serum supplemented with endothelial mitogen and heparin. L6 myoblasts were purchased from ATCC and cultured in 2% serum supplemented with sodium pyruvate for 7 days to induce myotube formation. A404 cells were cultured with or without retinoic acid (which induces expression of all known SMC genes) as described previously (11) . Mouse ES cells were cultured on plastic dishes in murine embryonic fibroblast-conditioned media to maintain them in an undifferentiated state. Mouse SMCs were isolated from embryoid bodies (37) and cultured in 20% serum.
For adenovirus experiments, rat aortic SMCs were infected for 24 hours at an MOI of 50, and rat aortic ECs were infected at an MOI of 100. These MOI values result in 100% infection efficiencies for these cells, as determined by infection with GFP-expressing viruses. For tail vein injections, 3 × 10 9 PFU of total virus was injected, with equal PFU (1.5 × 10 9 ) of CMVmyocardin, CMV-KLF4, or CMV-empty control virus to balance viral load. Myocardin and KLF4 adenoviral expression vectors have been described previously (10, 13) . We also constructed an adenovirus harboring a previously described siRNA to myocardin (38) , driven by a minimal H1 promoter. SMCs were infected for 48 hours at an MOI of 100 during siRNA experiments. Details of the cloning procedure are available in ref. 38 .
For stable transfection of rat aortic SMCs, the integrase system was employed (39) . Integrase results in selective insertion of transgenes into approximately 7 non-heterochromatic intergenic chromosomal locations containing so-called attP sites (40) , by use of a f-integrase that integrates attB sites present in the sequence of transfected plasmids into genomic attP sites. This system has been shown to recapitulate expression patterns of endogenous genes (39) . We cloned the full-length wild-type (containing a 2-bp substitution to allow discrimination from the endogenous promoter) and triple CArG mutant α-SMA promoter-enhancer driving expression of luciferase into plasmids containing attB sites flanking the cloning site and a SV40 promoter driving a zeocin resistance gene in the opposite orientation. These plasmids were transfected with FuGENE reagent (Roche Diagnostics Corp.) at an integrase/plasmid ratio of 15:1 into cultured rat aortic SMCs, and colonies representing clonal cell lines were selected with zeocin treatment. We isolated multiple clones from 2 independently derived rat aortic SMC lines and measured luciferase activity. All clones carrying wild-type promoter-enhancers displayed high luciferase activity, whereas all clones carrying CArG mutant promoter-enhancers displayed very low to absent luciferase activity compared with wild type (data not shown). Two clones for each construct were analyzed by ChIP, and results from a representative sample are reported.
ChIP, protein immunoprecipitation, and Western blotting. ChIP was performed on cultured cells and whole blood as described previously (10, 41) . For in vivo ChIP of rat aortas and mouse liver, animals were euthanized and organs quickly dissected out from surrounding tissue, washed in ice-cold PBS to remove blood and debris, snap frozen in liquid nitrogen, and stored at -80°C. Adventitia was stripped from aortas during the PBS wash. The organs were later crushed in liquid nitrogen with mortar and pestle on dry ice, transferred directly to 37°C 1% formaldehyde for 10 minutes, washed 4 times with ice-cold PBS, and taken through the rest of the ChIP procedure with an extra spin included upon addition of SDS lysis buffer, followed by removal of the supernatant from the pelleted extracellular debris. Nuclease digestion experiments were performed as ChIP experiments, except that chromatin was digested to mono-and dinucleosomes with micrococcal nuclease rather than sonicated, and there was no incubation with antibody. DNA extracted from ECs amplified more efficiently at α-SMA and SM-MHC than DNA extracted from SMCs, indicating that this DNA was not digested as efficiently by nuclease digestion of chromatin in ECs as in SMCs and was therefore less accessible to nuclease digestion at ECs (Figure 1B) . All ChIP data are representative of 2-3 independent experiments, with each experiment performed in duplicate. Real-time PCR primers and conditions for ChIP and RT-PCR are provided in the supplemental materials. Immunoprecipitations and Western blotting were performed according to standard protocols (42) . All antibodies were from Upstate USA Inc., except rabbit anti-SRF, TFIID, and Elk-1 (Santa Cruz Biotechnology Inc.), anti-HDAC2 (Zymed Laboratories Inc.), and anti-FLAG (Sigma-Aldrich). For peptide binding assays (22) , 200 mg of precleared SMC nuclear extract was incubated with 2-10 mg of biotinylated peptide (Upstate USA Inc.) in binding buffer (150 mM NaCl, 50 mM HEPES, 0.1% Tween, 10% glycerol, protease inhibitors) for 2 hours, and 10 mg mouse FLAG antisera was used to immunoprecipitate FLAG-myocardin overnight at 4°C from the extracts. Immunoprecipitates were collected with protein G beads, washed 2 times with binding buffer, run on 15% SDS-PAGE gels, and subjected to Western blotting with HRP-conjugated streptavidin (Upstate USA Inc.). An amount of supernatant corresponding to one-twentieth the amount of immunoprecipitate was run in parallel as a loading control.
Assessment of mouse transgene expression. Transgenic mice expressing an SM-MHC promoter-reporter (b-gal) construct have been previously described (6) . Transgenic mice were anesthetized, and purified viruses were injected intravenously via the tail vein in injectable 0.9% NaCl. After 7 days, mice were euthanized and perfused with PBS, and a section of the liver was removed for RNA and ChIP processing. Mice were then perfusion fixed with 2% formaldehyde/0.2% glutaraldehyde and tissues harvested and stained for b-gal activity using X-gal (5-bromo-4-chloro-3-indolyl-bd-galactoside; Sigma-Aldrich). Care was taken to ensure that all samples were stained under the same conditions in parallel on the same day. The aorta was processed for routine histology, and sections were counterstained with eosin. All animal experiments were approved by the Animal Care and Use Committee Institutional Review Board at the University of Virginia Health Sciences Center.
Rat aorta and carotid balloon injury model. Male Sprague-Dawley rats (350-400 g; Zivic Laboratories Inc.) were anesthetized, and acute injury to the thoracic aorta and left common carotid artery was made with a 2F Fogarty balloon catheter as described previously (33) . At the indicated times after injury (Figure 7D ), animals were euthanized, and the injured thoracic aorta and injured left carotid were removed and processed accordingly for ChIP or mRNA analyses. The uninjured right carotid was used as the control for the injured left carotid, and sham-operated rats were used for the thoracic aorta control. Injury experiments were replicated in our laboratory and by Zivic Laboratories Inc., and data from representative samples are reported.
Statistics. Data were analyzed for statistical significance using the 2-tailed Student's t test (SigmaStat 3.1; Systat Software Inc.). Error bars represent SEM. P values less than 0.05 were considered statistically significant.
